Proposal and theoretical formalism for studying baryon 
radiative decays from J/ip — > B*B + B*B — > jBB 
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Abstract 



. With accumulation of high statistics data at BESIII, one may study many 

new interesting channels. Among them, J/ip — > B*B + B*B — > ^BB pro- 
cesses may provide valuable information of the radiative decays of the excited 
O y baryons (N* , A*, £*, S*), and may shed light on their internal quark-gluon 

pi 1 structure. Our estimation for the branching ratios of the nucleon excitations 

N*(U40), JV*(1535) and iV*(1520) from the reaction J /if} -)• N*p + N*p -> 
ppj, indicates that these processes can be studied at BESIII with 10 10 J/if> 
events. Explicit theoretical formulae for the partial wave analysis (PWA) of 
the J/ip ->■ B*B + B*B with B* -> B-f and B* ->■ B7 within covariant L-S 
Scheme are provided. 



PACS: 13.20. Gg, 14.20.Jn, 11.80.Et 



1 Introduction 

Baryons B(N, A, E, H, • • •) and their excited states B*(N*, A*, E*, E*, ■ ■ •) are com- 
plex systems of confined quarks and gluons. Excited baryons are sensitive to de- 
tails of quark confinement [1] which is poorly understood within the fundamental 
theory of strong interactions - Quantum Chromodynamics (QCD). Thus, under- 
standing their structure and determining their properties (masses, decay widths, 
branching ratios, spins, parities, electromagnetic form factors, magnetic moments, 
polarizabilities) will provide a better understanding of how confinement works in 
baryons. Concerning the internal quark-gluon structure of baryons there are various 
proposed configurations: (a) the classical constituent three quark (qqq) states; (b) 
qqqg hybrid states [2]; (c) diquark-quark states [3, 4]; (d) meson-baryon states [5]- 
[8]; (e) pentaquark with diquark clusters [9]- [13], etc. A series of new experiments 
on excited nucleon N* physics with electromagnetic probes have been started at 
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modern facilities such as TJNAF [14], ELSA [15], GRAAL [16], SPRING8 [17] and 
BEPC [18, 19]. In last few years these facilities provided a considerable amount of 
precise data for various excited nucleon production and decay channels and opened 
a great opportunity to make quantitative investigations of the baryon structure. To 
extract properties of N* resonances partial wave analysis (PWA) is necessary. In this 
paper, first we show that the radiative decays of baryons can be studied at BESIII 
with expected 10 10 J/ip events. Then we provide PWA formulae within covariant 
L-S Scheme [20] for multi-step chain processes J/ip — > B*B + B*B — > ^BB. Because 
electromagnetic transition rates of excited baryons to their respective ground states 
offer a stringent test on the quark model dynamics [21, 22], it is therefore highly de- 
sirable to study the electromagnetic decay rates from excited baryon states in order 
to refine the quark model description of the baryons. To date very few electromag- 
netic transition rates have been measured for the excited baryon resonances [23]. 
For a detailed discussion of the experimental and theoretical status of the excited 
baryons and their electromagnetic decays, see the review by Landsberg [21]. 

2 Estimation of branching ratios for J/ip — > B*B + 
B*B -> BBj 

In hadron spectroscopy, the ground states of the hadron spectrum are now well 
understood. However, the excited states still prove a significant challenge. The 
first excited state A*(1440)Pn with positive parity J p = l/2 + , and the adjacent 
excited state N*(1535)S U with negative parity J p = 1/2", as well as A*(1520)_Di 3 
with J p = 3/2~ have been identified by using various techniques. Although these 
four-star resonances are within the energy region of many modern research facilities, 
their properties including radiative decays are still not well determined. Previous 
BES experiments already clearly observed these resonances in J/ip — > ppq, pn-K + + 
c.c., ppir [18, 19]. With two orders of magnitude higher statistics at BESIII, the 
radiative decays of these N* may also be studied in J/ip — > '-/pp. In fact, this decay 
channel has already been studied by BESII experiment. A strong narrow peak 
A(1860) near the threshold in the invariant mass spectrum of proton-antiproton 
pairs was observed [24]. The branching ratio for J/xjj — > ^pp is about 3.8 x 1CT 4 [23], 
among which the contribution of J/ip — > 7X(1860) — > ^pp is about 7.0 x 10~ 5 [24]. 
The PWA formulae for determining quantum numbers of intermediate resonances 
decaying to pp are given in Ref.[25]. Due to limited statistics and large background 
from J/xjj —>• ppir channel, no observation of N* — > pj was reported. 

Based on the branching ratios for the reaction J/ip — > N*p + N*p measured 
by BESII [19] and branching ratios of N* — > p^ given by PDG [23], we give the 
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Table 1: The mass (MeV), widths (MeV), and branching ratios (KT 6 ) for J/ip ->■ 
N*p + N*p — > p7p through intermediate A^* states. 



M N * 


r 


Br(J/^-*N*p+N*p) 


Br(N* ->■ jry) 


Br(J/ijj—}pyp) 


938 




210 ~ 224[23] 




19.8 ~ 


21.0 


1440 


300 


133 ~ 354[19] 


350 ~ 480 [23] 


0.046 ~ 


0.170 


1535 


150 


92 ~ 210[19] 


1500 ~ 3500[23] 


0.138 ~ 


0.735 


1520 


115 


34 ~ 154[19] 


4600 ~ 5600 [23] 


0.156 ~ 


0.862 



estimation of branching ratios for the reaction J/ip — > N*p + N*p — > ppy through 
the intermediate N* = p(938), AT*(1440), iV*(1535) and N*(1520) states as shown 
in Table 1. 

In the estimation of the contribution from the off-shell nucleon pole, we use the 
following effective lagrangian for the vertex •ypp [26] 

where k p = 2.739 is the magnetic moment of the proton. The following off-shell 
form factor is assumed 



A^ + (p 2 N ,-m 2 N ,y ' w 

with A = 0.8GeV. Here we also use the experimental photon energy cut condition 
E 1 > 25MeV. Because of the zero width of proton, the main contribution for 
J/ijj — > pp — > ppy is from the low energy photon, for example, the branching ratio 
will be reduced to 6.7 x 10~ 6 for the photon energy cut E 1 > 100MeV. The 
contribution from the off-shell proton pole contribution is well separated from those 
from A^* contributions on the Dalitz plot. 

Due to flavor SU(3) symmetry, the excited hyperons are produced at a similar 
rate. So the typical branching ratio for the J/ip — > B*B + B*B — > ^BB processes 
is about 10~ 7 ~ 10~ 6 . With expected 10 10 J ftp events and much improved photon 
detection at BESIII, these processes can definitely be studied in order to provide 
unique information on the structure of various excited nucleon and hyperon states, 
and to give substantial insight into the non-perturbative aspects of the QCD. 

3 Formalism 

Now we present the necessary tools for the construction of covariant L-S scheme 
for the B*BM(B*BM) and B*B^(B*B^) couplings. The partial wave amplitudes 
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U!f v in the covariant L-S scheme can be constructed by using pure orbital angular 
momentum covariant tensors t^ b ^ L , covariant spin wave functions ip or ($), 
metric tensor g^ u , totally antisymmetric Levi-Civita tensor e^xa and momentum of 
parent particle. 

For a given hadronic decay process a — > be, in the L-S scheme on hadronic level, 
the initial state is described by its 4-momentum p^ and its spin state S a ; the final 
state is described by the relative orbital angular momentum state of be system L;, c 
and their spin states (S&, S c ). The spin states (S a , S c ) can be well represented 
by the relativistic Rarita-Schwinger spin wave functions for particles of arbitrary 
spin [27, 28, 29, 30]. The spin-| wavefunction is the standard Dirac spinor u(p,S) 
or v (p, S) and the spin-1 wave function is the standard spin-1 polarization four- vector 
S) for a particle with momentum p and spin projection S 

E SK(p, s) = -g m + ^ = -~gAv) (2) 

s=o,±i P 

with p^e^ip, S) — 0, which states that spin-1 wave function is orthogonal to its own 
momentum. Here the Minkowsky metric tensor has the form 

g^ = diag(l, -1, -1, -1). 

Spin wave functions for particles of higher spins are constructed from these two basic 
spin wave functions with C-G coefficients (Ji, J\ z ; J2, J2z\J, J z ) as 

£^2-nn(P,n,S) = E (n-l,S n - 1 ]l,S n \n,S)e^ llta ... lin _ 1 (p,n-l,S n -i)£ ltn (p,S n ) 

(3) 

for a particle with integer spin n > 2, and 



M M1M2-Mn (P, n + 9 , 5) = E ( n ' ^ 9 ' ^+1 I 71 + 9 ' S ) £ »l»2~»n (P> ™> S^ufc, S^+l) 

— Q Q ^ ^ 

(4) 

for a particle with half integer spin n + \ of n > 1. For an antiparticle with half 
integer spin n + \ of n > 1, one has 

1 11 

(p, ra, S n )v(p, Sn+i) 

Zi c c — — 

(5) 

For a process a — >■ 6 + c, if there exists a relative orbital angular momentum L bc 
between the particle b and c, then the orbital angular momentum L& c state can be 
represented by covariant tensor wave functions t^}. L , which are the same as for 
meson decay [20, 29, 31] 



1, (6) 
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t { ; } = ~g„{p a )r v = f^ (7) 
t$ = r fl f u --(f-f)g^, (8) 



$!a = r^f u r x -\{f- r){g^r x + g uX f^ + g XfJi r u ) , (9) 
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^l\a = r VL r v r x r a - ^ (f ■ f ) (g^f x f a + ~g v \r il r u + g Xil f v f c + g lia f u f x 

+ ^^A^ + g\afpJ-v) + gg(f ' f) 2 (g^g Xu + (juXg^a + tfA^a) , (10) 

= f^fufxfafs ~ ■ f) (g^fxfafs + g v xf^f a f 5 + gx^- u f a f 5 + g^f u f x f 5 

+ guafxf^fs + gxaf^- v f 5 + ~g^f x f ii f <7 + ~g iu f x f il f <J + ~g i(J f x f p j- v 

+ gsxr v r^f a ) + — (f • r) 2 {g^ v g Xa r 5 + g v xg^f& + 9x^g Vff fs + g^gx&f a 

+ gvxg^fa + g^gusfa + ~g^g&Jx + gv&g^rx + gsnQuafx + gxugs^f^ 

+ gusgxafu + g&xguaf^ + gx^gsafv + g^gxcfv + gsxg^f u ) , (n) 



l 



[i/2] L / - . ~y 

WlWa - Wi - Wl Wl ^ + 2. il<i2 <^ 2i=1 (2L - 1)(2L - 3) • • • (2L - 2/ + 1) 



x 
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(^w lWa ffw3« 4 • ' •5 WaJ _ 1 w 2J + ^1,^2, • • -A^iai permutation, (2/)! term) 
x (r^ 1 r^ 2 • • • f /lji _ 1 f /lji+1 • • ' r / i l2 _ 1 f^ i2+1 • • • r^ i2; _ 1 f^ i2;+1 • ■ -r^), (12) 

where r = ^ — p c is the relative four momentum of the two decay products in the 
parent particle rest frame; (f • f) = — r 2 ; [X/2] = n when L = 2n and L = 2n + 1; 
and 

= p® = p^!2a = . sT(p«) = *r-^r » ^ = ^(i. - 1 ) • 

Pa 

In the L-S scheme, we need to use the conservation relation of total angular mo- 
mentum 

S a = S b + S c + L 6c or - S a + S b + S c + L bc = 0. (13) 
Besides the parity should be conserved, which means 

Va = Wc(-1) L , (14) 

where r] a , r] b and 7] c are the intrinsic parities of particles a, b and c, respectively. From 
this relation, one knows whether L should be even or odd. Then from Eq.(13) one 
can figure out how many different L-S combinations, which determine the number 
of independent couplings. 

Comparing with the pure meson case [29], here we need to introduce the concept 
of relativistic total spin of two fermions. For the case of a as a vector meson, b as 
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B* with spin n + \ and c as B with spin-|, the total spin of be (Sf, c ) can be either 
n or n + 1. The two states can be represented as 



Wi-^n = u ^i-^(Pb,S b )^v(p c ,S c ), (15) 



,{n) 

mi- 

+ (/ii ^ /i n+ i) H h (//„ /i„+i) (16) 

for Sfe c of n and n + 1, respectively. As a special case of n — 0, we have 

^(°) = u(p b ,S b )7 5 v(p c ,S c ), (17) 

= w(p 6 ,^)(7 M MPoSc)- (18) 

m a + m b + m c 

Here r M term is necessary to cancel out the p-dependent component in the simple 
u'j^v expression. 

For the case of a as a vector meson, b as excited anti-baryons (B*) with spin 
n + \ and c as baryons (B) with spin-|, the above equations can be written as 

= -fi(PoS c )75'tV,..„„fo,S s ), (19) 

= ^(Po,5,)(7,„,- ma+ r - +mc )»- M -.,„fa,g t ) 

+(//! /i n+1 ) + ••• + (//„ O /i n+ i) (20) 

for Sfe c of n and n + 1, respectively. As a special case of n = 0, we have 

^(o) = -u( Pc ,S c ) l5 v(Pb,S b ), (21) 
= u(p c ,S c )(^ r " )v(p b ,S b ). (22) 

For the case of a as excited baryons (B*) with spin n + |, 6 as baryons (5) and 
c as a meson, one needs to couple — S a and S& first to get S a b = — S a + S b states, 
which are 

0ff.. Mn = uip b ,S b )u^...^ n (p a ,S a ), (23) 

$ S-Mn+i = "(P&> 5 b)757ju„+i^i- M n(Pa, 5a) + (/il ^ /i„+l) H h (// n Mn+l) 

(24) 

for S a fe of n and n + 1, respectively. 

= u(p 6 ,S 6 )u(p a ,S«), (25) 

= u(p 6 ,S 6 )75Vi(p ,S'a) ( 26 ) 



with 7^ = g^{p a )l u . 
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For the case of a as excited antibaryons (B*) with spin n + |, b as an antibaryon 
(£) and c as a meson, as before one needs to couple — S a and Sfe first to get S a b = 
—S a + S b states, which are 

€S„ = V-^(P.»5«)t;(p6,5 5 ), (27) 

= V^.-.^iPa, S a )^ 5 % n+i v(p b , S b ) + (/ii <H> /i n+ i) + ••• + (//„ O // n+ i) 

(28) 

for S a fe of n and n + 1, respectively. As a special case of n = 0, we have 

= v(p a ,S a )v(p b ,S b ), (29) 
= v(p a ,S a ) l5 %v( Pb ,S b ). (30) 



4 Partial Wave Amplitudes 

We consider the following process 

J/iP 5*5 + B*B ->■ 7j B5 , (31) 

The possible J p for B* is | ± , I 1 *", I"* 1 , I"* 1 . We denote the four momenta of J/ip, 
B*(B*) and 7 by p M , Pb*^{Pb*u) an d • The orbital spin tensor describing the first 
and second steps will be denoted by Tf£) and For the process (31) the 

general form of the decay amplitude is 

M = e,(p, Sj/^eKq, S,)M^ = e,(p, Sj/^eXq, S 7 ) £ U% , (32) 

where £fj,(p, Sj/^) is the polarization four vector of the J/ip; e l/ (q,S 1 ) is the polar- 
ization four vector of the photon; Sj/y, and S y are the spins of J/ip and photon; C/fJ 
is the i-th B* and B*, j-th partial wave amplitude with complex coupling constants 
to be determined by the experiment. The spin-1 polarization four vector £ M (p, Sj/^) 
for J/ip with four momentum p M satisfies the relation in Eq.(2). For J/ip production 
from e + e~ annihilation, the electrons are highly relativistic, with the result that 
J z = ±1 for the J/ip spin projection taking the beam direction as the z-axis. This 
limits Sj/$ to 1 and 2. Then one has the following relation 

2 

53 £ »(P, S J/ip) £ *n>(P, Sj/4>) = <W(<^i + fa)- (33) 

For the photon polarization four vector, there is the usual Lorentz orthogonality con- 
ditions. Namely, the polarization four vector e u (q, S 7 ) of the photon with momenta 
q satisfies 

<Te v (q,Sj = 0, (34) 
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which states that spin-1 wave function is orthogonal to its own momentum. The 
above relation is the same as for a massive vector meson. However, for the photon, 
there is an additional gauge invariance condition 

2 e;(g, S 7 )e v (q, S 7 ) = -g^ + ^ K ^ + ^^ _ ILJL_ Wi/ = _ g (^) (35) 

with K = p — q and K v e v = 0. 

Although S*(i ± , 7^, t; ± , l ± )Bu couplings have the same structure as the _B*(| ± , 
I , I , I )B r ) couplings, the gauge invariance requirement for the B*B^y couplings 
reduces the number of independent amplitudes. For example, the partial wave 
amplitudes for the process £?*(| + ) — > £?(| + )7 can be written as 

M = ( 9l M? + g 2 M» + g 3 M»)e:(q, S 7 ) , (36) 

where 

M v x = i^e^^pB-a , M v 2 = $( 2 )^f« , Ml = $gt( 3 )^ . (37) 
Because of the gauge invariance requirement 

( 9l MZ + g 2 M» + gzMl)q v = , (38) 
we get the following relation 

3 3 (m 2 B * - m 2 B ) 2 
92 = -l(r-r)g s = -—^ ,3, (39) 

which means that there are two independent partial wave amplitudes. Refs.[32, 33] 
also provided basically equivalent partial wave amplitude formulae for the vertex 
B*B^f in the spin-orbital approach. In order to be able to compare our results with 
conventional helicity amplitudes for the radiative decays of baryon resonances [23] , 
we also give the relation between our coupling constants and helicity amplitudes in 
the Appendix. 

To compute decay width, we need an expression for \M\ 2 . Note that the square 
modulus of the decay amplitude, which gives the decay probability of a certain 
configuration should be independent of any particular frame, that is, a Lorentz 
scalar. Thus by using the Eqs. (33) and (35), we have 

dT = ^^\M\ 2 d^(p; qj ,p B ,p B ) , (40) 

where Mj/^ is the mass of the J/ip, and the general form of the matrix element 
square is 

2 2 

2 



\m\ 2 = \ E EEEMf-%K(^^H 2 

-1 S-, — 1 Sb So 
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^EEE^V^)^' 

(j> — 1 Sp Sp 

\ EE E EE u^(- g ^)u^\ 



(41) 



»,»' Jj' M=l S p Sp 

the standard Lorentz invariant 3-body phase space element d$3 is given by 



d$ 3 (p;q,p B ,p B ) = 5 i (p-q-p B -p B ) 



d 3 q 2m B d 3 p B 2m B d 3 p B 
(2tt) 3 2£ 7 (2ir) 3 2E B (2ir) 3 2E B 



(42) 



From (31) we see that B* and £?* are the intermediate resonances decaying into 
B'-f and B*^ respectively, therefore we need to introduce into the amplitude the 
following propagators denoted by Gb* and G B * [34, 35] 



(43) 



rB*srt c w c ^ rB*(0B*+m B *) 
Jb~, 2_^ u {Pb*,Sb*)u{pb*,Sb*) = f Bl 2^ ' 

/J 7 E v (Pb*i Sb*)v(Pb*i $b*) = fEj ~o : ~-> 

r< ZTTlf>* 

/i; e ^(pfi-. 5 fi .K(pfl., 5 fi .) = f% { ^~™ B * ] p^q, ( 44 ) 



'2' 

,3, 
'2' 



2' 
7 



/#; E u^(p B *,S B *)u"?(p B *,S B *) = /f ^l + ^W - 



2l7lB* 



(45) 
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/#; e^(^>^)^ act (^,^) = fE ^ B : +mB ^ pr" Xa (h 



/i; E ^ Q fe, Sfr^ipB., sb.) = /#; 



2m r* 



(46) 



where 



J By ~ 



2m B * 



p B * - m 2 B * + im B *T B * ' 



2m 



S7 



2 I • T-l _ ' 

TTZo* ~T~ 1TTl B *L B * 



Pi 



here m B », m^* and r B *, are the resonances masses and widths; 



p£ u 4) 



3 
1 

3' 



3 m B * ' 3ms* 



L B* 
4 1 ^> 



+ lyV" 1 2p B *P B * 1 / „ „ _ v a , 



(47) 
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-{YYg al3 + Ti^9 av + Tvg^ + Ti p 9^), (48) 
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7 4 

pp.ua/3Xa , i_\ _ ^ p{i)rpvap^Xa 
B* IB* \o> ~~ o 'P^ ' 



*/b* y 2 J 9 

and where 



p (4)rpuapf3Xa = J_ ^~rp~^~uX~aa + ^ ^ ff permutation ^ 2 4 terms)) 

~ 7^ ( y g Tfi g pl3 g uX g aa + (r, /i, u, a permutation, p,f3,\,a 



iUo 



■permutation, 72 terms) 

(49) 



For the different partial wave amplitudes, we use the following notation 

{Sb*B/B*B i L B * B / B * B , Sb*B/B*b)i 

where S B * B / B * B — &b* + $e or S^. + S B ; L B * B / B * B is the relative orbital angular 
momentum between B* and B or B* and B; S B * B / B * B = —S B *+S B or — + S B . 
In the following by considering the parity and angular momentum conservations we 
provide all relevant covariant amplitudes for the process (31). In these amplitudes, 
1, 2 and 3 denote the three final state particles B, B and 7. 

For J/V(l-) B*(± + )BCf) + B*(f)B(l + ) 7 5(± + )B(±-), we find two 
independent covariant amplitudes for a vector meson J/ip(l~) decaying into the 
B*{^ + )B{if ) and -B*(| )£?(| + ) states, and one independent covariant amplitudes 
for a excited baryon resonances B*{\ + ) and B*(\ ) decaying into 7.8(5) and 
7-B(| ). All in all we get the following two covariant amplitudes with two inde- 
pendent coupling constants g l,a and g l,b which are determined by the experiment 

(1,0,1) 

S B * 

(1,2,1) 

U i,2 - 9 IL W )3 W a i (S*2) t (13)A 6 PB*<tJ Bi 
S b * 

- e ^^ (1) ^ (1) ^^)A^ A ^^/f; ) , (si) 
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For JM1-) ->• 5*(§ )5(| ) + 5*(± + )5(± + ) ->■ 7 5(| + )5(± ) we get the fol- 
lowing two covariant amplitudes with two independent coupling constants g %,a and 
g l,b which are determined by the experiment 

(0,1,1) 

6 s B * 

+ E ^V 0) r ( %,®7i; 

+ E^^^^f/i; ), (52) 



a,i,i) 




One may note that for J/ip ->■ 5*5 + 5*5 ->■ 7 55 with J p (5*(5*)) = § , 
I"* 1 , I 1 * 1 , we get the six covariant amplitudes for i-th 5*(5*) with five independent 
coupling constants g l j%, 9j b /^, 9j C / 1 pi 9^ a an d 9y b which are determined by the exper- 
iment. Thus for JM1-) ->• 5*(| + )5(i~) + 5*(§~)5(| + ) ->• 7 5(§ + )5(|~) we get 
the following six covariant amplitudes 



(1,0,1) 




(2,2,1) 
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u% = 9% 9? ( - E ^S^^^^&J^ 

- E ^r^^lyA^S^JS, ) , (56) 



(1,0,2) 



(1,2,2) 
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u% = 9% gif (- \c B * Bl E ^Wr^l 

S R * 



- 1^ E^ (1) ^ c(2) ^ ( ^Vi^ 

+ e v^sT^sr m, ) , (58) 

(2,2,2) 

+ |^^ 7 E^^^ c(2) ^^),^)^^/f; ) 

+ e ^^^visr^^/s 



For J/^(l") ->• £*(§ )£(§ ) + 5*(§ + )5(§ + ) ^ 7 5(§ + )5(± ) we get the following 
six covariant amplitudes 

(1,1,1) 

U% = 9%9T{- I^^E^^Tgl^e^/i; 



3 
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S B * 

- E i^T^/^^MT ) , (so) 

(2,1,1) 

-^^B 7 E^ (2) -0 c(i) ^i 1)Q /f; 

+ e ^^^S^ISf /U 

+ e * c(2) -« (i) ^ 1)Q «7i; ) > ( 6i ) 

(2,3,1) 

^ = 4%^(E-^^^ (i) ^s^/#; 

-I^^E^fv^^/i; 

4- V" J ) (l), T/ (2)f,(3)a<5 M 7(2)/3 ! . f iJ* 
"+" W a<5 i (B*2) r (13) JB7 

I vi>C7(2) ,C(l)^(3)a*/ir(2)/3i/ jb* N / fi9 \ 

"T" W a<5 V 5 /? r (23) J By I ' l DZ J 



(1,1,2) 

^ = </&#(-E*W 

- i:€ {i) *% 2) ^^ (63) 

(2,1,2) 

- e <* o(2 ^^ (2) ^i)«^N^./i; ) > (64) 

(2,3,2) 

it**" „<,c »,6 / V- -^(2)^(2)^,(3)^ Rv\af(2)H - f B* 



t ^T^'f^^'i§ t> p B .jl ) ■ (65) 

5 S » 



For J/^(l") ^5*(| + )B(i ) + £*(§ )5(± + ) ^ 7 B(± + )5(± ) we get the following 
six covariant amplitudes 

(2,2,2) 

13 



2_^ ll Vap rpX e 1 (B*l)s" rl (23) J By ) > 



3 

t 

3 



_V- - V ^^(3)^5-0(2)^/3^(2) r(l) ?B* 
5 ^B'B 7 L ^ <P I (B*l)aS l (23)f}JB-y 



^^y, xT/ C(3) ,C*(2)iy/3f,(4)a5r M r(l) ,B« 

-<^B*B 7 2^ ^«5r V 9 1 (B*1) l {23)pJB 1 

° s s * 

I X^^(2), T/ (3) rf,(4)a6rpr(3)p\v f B* 
~+~ < Pl3\^a8r I (B*2) l (13) J By 

S B * 

, \^ , T/ C(3) ,C(2)^,(4)a5r M r(3)/3A^ j B * \ 
~+~ W «5r V^A J (B*1) r (23) J By ) > 



^ # (- E ^SC^^^)^^^^^./!; 

-^C(3) ^av&Trf{2)p * Jv\af(3)vt n 



^ap V /3^ 6 1 (B*l)5" Tt l {2S)\PB*aJB~t ) > 



E^ c(3) -^?i 3) ^ n)Q ,^^gp^ CT /f; ) , 



i,c „i,i ^ Via' 3 ' * (3) f^f^^no f B * 
9j/^9y { 2-^ tq? l3ri^a5T 1 (B*2) 6 1 (13)\P B* a J By 
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- E ^T^f^e^i^^fl; ) . (70) 

S B * 

For J/^(l") ->• + ->■ 7 fi(I + )fi(I-) we get the following 

six covariant amplitudes 

(2,1,, 2) 
(2,3,2) 

rr^ _ i,6 i,a ( ST^ A A ( 2 ) ,/ ,(2)f.(3)a<5/ 1 RvXcpfi)^ * f B* 



S R* 



- e ^2 2 vs 2) ^^®^/i; ) > (72) 

(3,3,2) 

S B * 

(2,1,3) 

s B * 

_ lr- - V7/; C ( 2 ^ Q $ C ( 3 ^ A<J T {1) f (2) f^* 
^B*B~, 2.^ ^ * J (S*l)a (23)A<7./B7 

+ £ ^W"-*^. 1)0 t<gf -7i; ), (74) 

(2,3,3) 

ITM" _ n i,b ( ^ „ a(3)f A<r / (2)^,(3)a<5/ir(2) ,£* 

4 r^- Vw.'^^cfi^PJ^f^^M 2 ' f B * 

-Z^B*B~i Z-^^aS * (5*1) l (23)\aJB-y 

I V- (T)( 3 ) 1 /,(2)^,(3)a«5 M r(4)/3A^ , B * 
~+~ 1 (B*2) l (13) JB-y 

S B * 

^/(2)*C(3)m(3)aM^Xiiv f -B'v / y ,N 
"T" ^a<5 ^/3Aa J (B*1) r (23) JB7 J ' 



(3,3,3) 

rrM" _ _»,c i,b / 4 „- ( f ) (3)^Ao- xT/ (3) a M 5 rr f,(3)pC „= l( 2 ) fB* 

L'i.e - 9j^9 1 \- ~^B*Bj 2^ 1 ® ^apC 6 1 (B*2)&Prt (n)Xa }B 1 
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_ 4 r _ _ Vit^^^f^T^^ 12 ' W 

~^B*By Z^^apt^ C 1 (B*l)5P' rt (23)\aJB 1 

' s B * 

+ 2^ ^Aa^apC (B* 2)5^(13) Jb 7 

+ £ i€^J^f$l%p r ^ /!;> . (76) 

For JM1-) ->• fl*(f + )B(±~) + B*(|-)B(I + ) -> 7 fi(I + )/5(I-) we get the following 
six covariant amplitudes 

(3,2,3) 

- E ^ C(3) ^V?i 3) ^ n)Q ,e^f[g^^ CT /f; ) , (77) 

(3,4,3) 

U i,2 — 9j/^ 9y { 2-^ t( Pt3r 1 ^aST I (B*2) 6 1 {13)\PB*o J By 
S B * 

V w, c(3 U c(3) f (4)a5rM ^ ACT f (3) ^«- f^M (78^ 

— Z^^aSr 9/3^ 1 (B*l) € 1 (23)\PB*aJ By ) > 



(4,4,3) 

^1,3 - 9j/^9y \ l^^M aptl 6 I (B*2)sPr e 1 \l3)\PB* a J By 



(3,2,4) 



B* 



~ E *S^ 3) ^S^^*1^PWl; ) , (79) 



S B * 



-U CT)( 4 ) ,l,(3)^aSrp(2) ffiPXar)" fB* 

~T 2-^^/3\ctvV 1 (B*2)aS i (13) J By 

Sg* 

+ E ^^X^iyJX^f^ ) » ( 8 °) 
s B * 

(3,4,4) 

^5 = ^ # (- ^E^WWWS 

Sg* 

^r- \^ jC^)(hC(4)u\ar,rp(4)a8T^r(3) fB* 

g^B*By PaSr * (23)\ar)J By 

Sg* 
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TT^ — i> c n i,b ( 5„ \^ ,-<fi(4)i'A<njvr / (4) ap8 T rf{i)pC,y - 7(3) f B* 

^,6 - ffj/^^ 7 l-g C B*B7Z^^ W apC7 C J (B*2)sPr t (13)\a V JBy 

S B * 

So* 



-L <E> (4) ,/,( 3 ) f-(4)«5r M 7(5)/3A CT ^ , B * 

~T Z^^fSXar ) t f J a8T 1 (B*2) l (13) J By 
S B * 

"+" Z^ ^a5r Sy /3A ( rr, i (5*l) r (23) J By ) i \° L ) 

Sg* 

(4,4,4) 

= *.c, a i,b (_ 

9 
5 
9 

+ 2-*/ l ^/3\ari l *apty e (B*2)sP T (13) J By 

S B * 

V ,H; C(4) S C ( 4 ) ^Tf>(4K7 - r(5)/3\a W IB* x /o 9 n 
~~ ^ W apC7^/9A<T»7 e i ( J B*2)<5" T ''(23) J By ) ■ 

For J/^(l~) + 5*(f + )5(§ + ) ->■ 7 fi(I + )fi(|-) we get the following 

six covariant amplitudes 

(3,3,3) 

ry^i/ i,o i,o C_f/7 oaiD -^(3)1/^ / (3) a/i<5rf.(3)pC - 7(2) f S* 

- dj/ipdy { T,^B*By 2_^ t( P VapC 6 1 (B*2)sPr t (l3)l3\JB 1 

' S B * 

_|_ 1/7- - V jJpWACQWXfWfrfQ)* A fi 2 ) JB* 
^ 7 u B*B-y 2^, Wapt <P t 1 (B* 1)sP tL (23)I3\J By 

1 S B * 

+ Z^ ( Pl3\o ll P ap C t 1 (B*2)5Pr l (13) J By 
S B * 

- Zv l VapC ^/3Aa 6 1 (B*l)dP-r t (23) J By ) > (°3) 

(4,3,3) 



t^2 



*,& „i,a /_lrr V- ,(3)^^(4)^5^(3) 7(2) ,B* 

9.J/i>9y \ ^B*By ^ I (B*2)a8T l (13)f3\JBy 

S B * 

4 ^ , T/ C(4)pa<5r ,C*(3)^/3Af,(3) 7(2) 

y^B*B 7 Z^ W <P J (Sn)a5r l (23)p\JBy 

' s B * 

J- ^ 3 ) iT/(4WTf.(3) 7(4)/3Aa^ fB* 

Zv^/9A(T^ J ( J B*2)a5r r (13) /fi 7 

+ E ^^^T^Wl^/l; ) , (84) 

Sg* 

(4,5,3) 

s s * 

\T/ C ( 4 ) ,AC(3)^Af,(5)a<5rpp7(2) FS* 
j^B*By Z^^aSTptP 1 (B*l) l (23)/3\JBy 
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I \^ ^ \T/( 4 ) T (5)a5rp M r(4)/3A<r I / , B * 

" l " < P/3Xa^a8Tp 1 (B*2) r (13) JB7 

+ l^^a5rp ( Pf}\a- L {B*l) *(23) /b 7 J, l 8b J 

(3,3,4) 

U i,4 — 9j/^ 9~/ \ /-^^^Wap^ I (B*2)sPr e r (13)A PB*aJB 1 
S B * 

- 2^ VapC, V /3r?5e e J ( J B*l)5^ e J (23)A Pb*uJbj ) , l 8C) J 

(4,4,4) 



_ (87) 



(4,5,4) 



i-r/f _ ^*. c r ,-fF,( 4 ) g/( 4 ) rf^^McPv^+^rtef. fB* 
u ifi — 9j/f 9-y \ ^PnS.Q ^aSrp 1 (B*2) t t (13)A PB*aJ Bj 
S B * 

E,^C(4) ib C(4,)rp(5)aST P n fivXcrfi^Q^. IB* \ /oo\ 
?W a5rp^/3^ i? J (Bn) 6 Z (23)\ Pb^Jb-j ) ■ 



Note that where 



Vff..^ = ^-p, (pb* ,S b *;pb,Sb), = *<KL (pb. , ; pb, S B ) , 

= 4>$l^ (pb* , S B * ; pb, S B ) , = fe* , 5b* ; pb,^b) , 

€S» = €S» (Pb* ,S s *; Pb ,Sb), = ttg^ (p fl . , 5 fl . ; p B , 5 fl ) , 

«1 = </>21 (pb* , S S * ; Pb, S B ) , = (p S * , ; pb, S S ) . 



and 



_ - m 2 B f _ [m\, - m|) 

< -'B*B7 — o ' °B*B7 — o 

win, to 



For the reaction J/^ — > pp — > 7pp we get following two covariant amplitudes 
with two independent coupling constants g p,a and g p ' b which are determined by the 
experiment. 

(1,0,1) 



S p * Sp* 



(1,2,1) 



u& = 9 p ' b ( e 4ta p ; - e ) , (so) 



5p* 
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here we use p* and p* as intermediate states instead of p and p; one can read fj^ 
and /| 7 from equation (47), by setting T p * and T p * to zero; moreover 

%*(P P , S p ,p p *,S p *) = -eu(p p , S P )(Y - i 7 ^-a^P3»)u(p p *,S p *), 

ZlVl TV 

<S>C u {pp*,Sp*,pp, Sp) = -ev{pp*,Sp*){Y - i ^^ (jUfl P^) v (Pp^ S p)- 
which are obtained from the effective lagrangian of NN^y. 

5 Conclusion 

To provide a consistent and complete picture of baryon resonances, the various pos- 
sible production and decay channels need to be explored. With estimated branch- 
ing ratios for contribution of the AT* (1440), AT* (1535) and iV*(1520) to the process 
J /ip — > 7pp, we propose to study radiative decays of excited nucleon and hyperon 
states through J/ip — > B*B + B*B — > ^BB processes at BESIII. We provide explicit 
partial wave amplitude formulae for these processes with J p for B* is 
| . These formulae can be used to perform partial wave analysis of forthcoming 
high statistics data from BESIII on these channels to extract various useful infor- 
mation on the excited baryons. The BESIII can produce ground state (iV,A,E,S) 
and the excited baryon states (A^*,A*,S*,S*) via J/ip B*B + B*B -fBB, as 
well as can do further investigations into the dynamics of the excited baryons. We 
hope that our knowledge about the structure of the excited baryon resonances and 
about the mechanisms of nucleon and hyperon production will be clarified by the 
near future studies at BESIII. 
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Appendix: The Relation with the Helicity Ampli- 
tude 

In this appendix, we discuss the relation between amplitudes in the L-S and helicity 
formalism for B* — > B"f. From Ref.[36], the radiative decay width is related to the 
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helicity amplitudes A\/ 2 and A 3 / 2 as 

k 2 m B 8 



(\A 3/2 \ 2 + \A 1/2 \ 2 ), 



where k is the three momentum of photon, and J is the total spin of B* . Let us 
consider that the photon is moving along the z axis, and the photon is right-handed 
polarized, in other words, the spin of the photon is along the z- axis. A 3 / 2 is the 
spin-3/2 helicity amplitude of the initial B* in a state with | J, 3/2 > and final B in 
a state with 1 1/2, 1/2 >, and Ai/ 2 denotes the spin-1/2 helicity amplitude of the B* 
with | J, 1/2 > and final B with |l/2, -1/2 >. 

In the L-S Scheme the decay amplitude formulae for B* — > B^y are 

k m B 1 



r~ = 

7 27rm B »2J+l 

k TTIb 



E 



s zB* > s zB> s zy 



(3/2,1/2,1)1 



+ \M, 



(1/2,-1/2,1)1 



+ \M, 



(-1/2,1/2,-1)1 



+ \M, 



(-3/2,-1/2,-1)1 



2n m B * 2 J + 1 
A; m B 1 , 2 . |2 s 

= ^27Tl (l%1/y)l + 1^(1/2,-1/2,1)1)- 

By comparing Eq.(91) with the Eq.(92), we can have the relation between the helicity 
and L-S amplitudes as follows 



(92) 



13/2 



A 1/2 = 



1 






M ( 


2k 


1 








2k 





(3/2,1/2,1)1 
(1/2,-1/2,1)1 



I (#1-^1(3/2,1/2,1) + ^2^2(3/2,1/2,1)) | 2 , 



2k 



1(^1-^1(1/2-1/2,1) + 32^2(1/2-1/2,1)! 



(93) 
(94) 



As an example, now we calculate the M(s B *, s B , s 7 ) for _B*(| + ) — > B-y. From 
Eq.(38), the two dependent amplitudes can be written as 

Mi = i^^Wel, 



M 2 = — (f • f)^ 2 >H^el + ^lt^ Xv e* v . 
3 



(95) 
(96) 



Before starting our calculation of M(s B *, s B , s 7 ), we should define wave functions of 
particles 



«(Pb, 1/2) = 
«(Pb, -1/2) = 

u(m B .,l/2) = 



IE B + m B ; 



2m / 



1,0, 



A: 



l E B + m B 
2m B 

( 1 \ 





(0,1,0, 



-A; 



-Eb + ™B 



,0), 



u(m B *, -1/2) = 



/o\ 
1 




(97) 
(98) 

(99) 



20 



and 

e*(p 7 ,l,l) = (0,-^,^,0), e(m B *,l,l) = {0,~,~i,0), (100) 

e(m B *,l,0) = (0,0,0,1), e(m B *, 1, -1) = (0, ^, -^i, 0), (101) 

where B* is at rest, in other words, pb* = (tub*, 0,0,0), ps = (E B , 0, 0, — k) and 
p 7 = 0, 0, By using Eqs.(3-4), the different states of 0^ and $^ 2 J can be 
obtained 



0«(s B * = l/2,s B = -l/2) = y B 2 ^ B y^(m g .,l,l), (102) 
0«(s B *=3/2,s B = l/2) = J ^ mg e^(m B ,,l,l), (103) 



$g( SB , = l/2,s B = -l/2) = ^ - ^ ^K, 1, l)6 y (m B .,l,0) 

+e /1 (m B *,l,0)e„(m B *,l,l)), (104) 

$g( SB *=3/2,s B = l/2) = - fi^ Mmp, 1, , 1, 0) 

+e M (m B *,l,0)e,(m B *,l,l)). (105) 

At last, we get the following amplitudes M(s B *, s B , s 7 ) 



Mi (3/2, 1/2,1) = 2kJ EB 2 ^ mB , (107) 



M2(1/2 ,_ 1/2>1) . =f /S, (ic 

M 2 (3/2, 1/2,1) = 8P^±^, (109) 
where we have used the following relations 

itfMabc Ibi^l filalblc IfilaQbc r )pT1b9ac 1^,1 c9ab 

-lalbQ^c + lalc9tib - IblcOfia + 9^a9bc ~ 9^b9ac + 9^c9ab) , (HO) 



Now we list the relation between the square of the helicity amplitudes and square of 

1± 3± 5± 7- 
2 '2 '2 '2 

M = g a 1 M 1 + g b 1 M l , (112) 



the coupling constants from our amplitudes for -B*(| ± , f ^ f ^ — >■ -B7 as follows 



21 



1 + 

2 








Ml 






(113) 


K/ 2 | 2 


= 


EB + mB 4k\q a \ 2 


(114) 


B*{\) : 








Ml 





_|(f .f)$(l) e *M + $(l) e *ft2)^ 


(115) 


1^1/21 




EB + mB i 6 Ha a l 2 

ma ' 


(lie,) 

{110) 


3 + 

a l 2 j - 






Mi 






(117) 


M 2 


= 




(118) 


K/ 2 | 2 


= 




(119) 


l^/ 2 | 2 

1 1 '■6/2 | 




Efi + mB 2A;|« a + VA; 2 | 2 . 
2m B ^l» 7 ^^7 ft 1 


(120) 


Q - 

n*f \ ■ 
B(~). 








Mi 
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(121) 


M 2 


= 


•^(2) M i/A<7 a- 


(122) 


|A/ 2 | 2 


= 


+ 8 3 6 2 
2m B 3 1 ^ + <^ 7 |, 


(123) 






2m B 1 y7 ^ 


(124) 


B*(- ) : 
2 








Mi 




_?( f . f)^e;f (1)l , + 0g)t(3)^A e * 


(125) 


M 2 


= 




(126) 


|A/ 2 | 2 


— 


E„ + m s 32^ + ; 2 
2m B 5 7 7 


(127) 


l^3/ 2 | 2 




^B + m B 64 5 6 2 
2m B 5 * 1 ^ 7 ^ 7 ' • 


(128) 


£*(- ) : 
V 2 ; 








Mi 






(129) 



22 



M 2 = -^(f-fOS'^eJtS + S^'^e;, (130) 



2 E B + m B 16 3 6 2 2 

|A3/2 ' = 2m B T fc 1 " ^ + 4 ^ fc 1 • (132) 



7 

5* - 
v 2 



M x = ^V^T } , (133) 

5 (f . f)$(^'^ f ;^ + $^/ 5) ^4 (134) 



Mo = 



1^ = ^^ 5 K-^T, (135) 
l% 2 | 2 = ^f* 5 K + W- (136) 



M x = -^(f.fJ^^c^ + ^/^c:, (137) 
M 2 = i^ 7 6^6^1 4)Q ^., (138) 



M = ^?f^|-^ + 5#, (139) 
l^ = ^^V^-3#. (140) 
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